Human Bestrophin 1 (hBest1) is a calcium-activated chloride channel that regulates neuronal excitability, synaptic activity, and retinal homeostasis. Mutations in hBest1 cause the autosomal-dominant Best macular dystrophy (BMD). Because hBest1 mutations cause BMD, but a knockout does not, we wondered if hBest1 mutants exert a dominant negative effect through interaction with other calciumactivated chloride channels, such as hBest2, 3, or 4, or transmembrane member 16A (TMEM16A), a member of another channel family. The subunit architecture of Best channels is debated, and their ability to form heteromeric channel assemblies is unclear. Using single-molecule subunit analysis, we find that each of hBest1, 2, 3, and 4 forms a homotetrameric channel. Despite considerable conservation among hBests, hBest1 has little or no interaction with other hBests or mTMEM16A. We identify the domain responsible for assembly specificity. This domain also plays a role in channel function. Our results indicate that Best channels preferentially self-assemble into homotetramers.
B estrophin 1 is calcium-activated chloride channel (CACC) and has been shown to express in a variety of tissues (1) . In the brain, Best1 plays a crucial role in the regulation of neuronal excitability and synaptic activity by releasing gliotransmitters such as glutamate and GABA from astrocytes upon G-protein-coupled receptor (GPCR) activation (2) (3) (4) (5) . In retinal pigment epithelium (RPE) cells, Best1 plays an important role in retinal homeostasis (1) , and mutations in human Best1 have been implicated in several retinal degenerative diseases including Best Macular Dystrophy (BMD) (6) (7) (8) (9) (10) (11) (12) and Retinitis Pigmentosa (13) .
The human bestrophin family includes three additional members; hBest2, 3, and 4 (14, 15) . All four members function in heterologous cells (15) (16) (17) (18) as anion-selective channels, whose main physiological charge carrier is chloride (15, 17, (19) (20) (21) (22) , but which also permeate glutamate and GABA (3, 4) . hBest1 contains six hydrophobic segments (S1-S6), with both N and C termini residing inside the cell. Two topology models have been proposed for hBest1 (15, 23) . In the first model, S1, S2, S4, and S6 traverse the membrane, whereas S3 is intracellular and S5 forms a reentrant loop from outside (15) . A more recent model has S1, S2, S5, and S6 traversing the membrane and S3 and S4, although hydrophobic, remaining on the intracellular side (23) .
Best1 is activated by Ca 2+ with a K d of ∼150 nM (24) . Several pieces of evidence suggest that this activation is due to direct binding of Ca 2+ (25, 26) to an EF hand located immediately after S6 (24) . It is unclear how Ca 2+ -binding gates the channel and whether the EF hand is part of the gate or communicates with it.
Although much progress has been made on Best channels (15, 17, (19) (20) (21) (22) 27) , several fundamental aspects of the structure and function of this channel family are not understood. First, previous biochemical analysis has indicated that Best1 is multimeric (22, 27) but led to conflicting assessments of the number of subunits in the channel, with experiments on human Best1 suggesting a tetramer or pentamer (22) but experiments on porcine Best1 suggesting a dimer (27) . Second, although coimmunoprecipitation suggests that hBest1 interacts with hBest2 (22) , it is unclear if this is direct interaction. Moreover, virtually nothing is known about the determinants of assembly.
In this study, we used single-molecule subunit counting and colocalization to address four major questions about the subunit assembly and function of hBest channels: (i) What is the subunit stoichiometry of hBest channels? (ii) Does hBest1 coassemble with any other member of the hBest family or with a member of different CACC family, transmembrane member 16A (TMEM16A)? (iii) How is subunit assembly specified? (iv) Does the assembly determinant play any role in channel function?
Results
Oligomeric Assembly of Bestrophins. Although earlier biochemical studies concluded that the Best1 channel is an oligomer, the estimate of the number of subunits ranged from 2 to 5 (22, 27) . To resolve this question, we used the single-molecule subunitcounting method (28) (29) (30) (31) (32) (33) to determine the number of subunits by counting the number of fluorescence-bleaching steps of monomeric enhanced green fluorescent protein (mEGFP)-tagged hBest1 in Xenopus oocytes [EGFP-tagged hBest1 was previously shown to be functional (34) ]. The main advantages of this method are that: (i) the counting uses Total Internal Reflection Fluorescence Microscopy (TIRFM) to focus exclusively on functional channels in their native physiological environment, the plasma membrane of live cells, and (ii) because the level of expression can be easily controlled in oocytes, it is possible to obtain low enough densities so that each channel appears as an individual fluorescent spot that can be readily resolved from its neighbors.
Two differing topology models have been proposed for Best channels (15, 23) . For simplicity, we numbered the domains according to the recent Milenkovic model (Fig. 1A ), but we evaluate our results considering both the models.
The cDNA of hBest1, 2, 3, and 4 were tagged at either the N or C terminus with mEGFP ( Fig. 1A) and transcribed in vitro, and the cRNA were injected into Xenopus oocytes (∼1-2 ng per Significance Human Bestrophin (hBest) proteins represent a four-member family of calcium-activated chloride channels that regulate neuronal excitability, synaptic activity and retinal homeostasis. The number of subunits in a hBest channel and the ability to form heteromeric channels have been matters of debate. Using single molecule subunit analysis, we find that each of the hBest channels forms a homotetrameric channel. Despite considerable conservation among hBests, the members have little or no tendency to hetero-assemble. We identify the domain responsible for homo-assembly specificity. cell). Following 1-2 d of expression, cells were devitelinized, illuminated in TIRFM, and imaged on a CCD camera at 10 frames per second (fps). Under constant illumination, the spots bleached to completion within 100 s. Bleaching steps were counted manually from 200 to 800 diffraction-limited spots from 5 to 10 optical patches taken from three to five oocytes from three to five different isolations. The average frequency distribution of the number of bleaching steps was plotted (Fig. 1B) . The same analysis was performed on hBest2, 3, and 4 ( Fig. 1 C-E) . Each observed distribution was compared with predicted binomial distributions for cases in which the number of subunits was varied from two to five (Materials and Methods). The observed distribution for hBest1 was best accounted for by a binomial calculated for four subunits with a probability of 0.8 that mEGFP would be fluorescent (Fig. 1B and Figs. S1 and S2). This probability value of mEGFP being fluorescent is similar to what was observed previously for mEGFP fused to a number of other membrane proteins (28) (29) (30) (31) (32) (33) . Binomial predictions based on four subunits also accounted well for the other hBest family members ( Fig. 1 C-E) . These results show that each of the human bestrophin family members is a tetramer. To determine if bestrophins have the same tetrameric stoichiometry in mammalian cells, we tested hBest1 in HEK cells using a single-molecule pulldown (SiMPull) assay (35) (Materials and Methods). We observed a similar average frequency distribution of number of bleaching steps for Best1, confirming its tetrameric stoichiometry (Fig. S3) .
Heteromeric Assembly Among Bestrophins. Because bestrophin 1 mutants have been shown to exert a dominant negative effect on wild-type bestrophin 1 (22, (36) (37) (38) , and because hBest1 mutations cause BMD (39) , but a knockout does not (40), we wondered if hBest1 mutants also exert a dominant negative effect through interaction with other CACCs, such as hBest2, 3, or 4, or TMEM16A, a member of another CACC family. To address this, we turned to the single-molecule colocalization method. Here too the TIRFM provides the advantage of determining the interaction between two functional channels on the surface of the live cell. To determine if hBest1 coassembles with one of the other hBests, we coexpressed mEGFP-tagged hBest1 with mCherry-tagged hBest2, 3, or 4. Similarly, to determine the coassembly between hBest1 and mTMEM16A, we used mCherry-tagged hBest1 and mEGFP-tagged mTMEM16A.
Coinjected oocytes were first illuminated at 590 nm to excite mCherry, and 200-300 frames were collected at 10 fps, following which 600-700 frames at 10 fps were collected under 488-nm illumination. Red frames were collected first so as to bleach mCherry and avoid any FRET between mEGFP and mCherry. The location of red and green spots was determined manually, and molecules located at the same spot in both red and green frames (within three pixels, 150 nm) were considered as colocalized (32, 33) (Materials and Methods). Chance (random) colocalization was calculated for each movie (28) (Materials and Methods) and subtracted to get the net colocalization values.
We first examined the degree of colocalization that would be detected between two completely unrelated tetrameric channels that should not coassemble (negative control) and between two tetrameric channels known to coassemble (positive control). For the negative control, we assessed colocalization between the mEGFP-tagged cyclic nucleotide-gated (CNG) ion channel, X-fa4 [which forms homotetrameric channels (32)], and mCherry-tagged hBest1. As expected, we observed a very small degree of colocalization of 2.9 ± 0.7% ( Fig. 2A ) above background (random colocalization) level. This negative control colocalization value was subtracted from the colocalization values of the test experiments, including the positive control. For the positive control, we coexpressed mEGFP-tagged hBest1 with mCherry-tagged hBest1 and observed 26.2 ± 1.7% colocalization between the green and red hBest1 subunits (Fig. 2B) .
In contrast to the ∼26% colocalization of one hBest1 subunit with another hBest1, we observed ∼5-to 30-fold lower levels of colocalization (Student t test, P < 0.01) between mCherry-tagged hBest1 and mEGFP-tagged hBest2 (5.4 ± 1.5%), hBest3 (0.8 ± 1.2%), hBest4 (3.1 ± 0.8%), and mTMEM16A (1.1 ± 1.1%) (Fig. 2 C-F) . These results indicate that hBest1 has a marked preference for interaction with itself over interaction with the other hBests or with mTMEM16A. To determine if the rest of the members in the bestrophin family follow the same trend as hBest1, we also checked colocalization among them. We observed significantly lower colocalization between hBest2-hBest3 (9.7 + 1.6%), hBest2-hBest4 (0.6 + 0.4%), and hBest3-hBest4 (1.9 + 0.6%) (Fig. S4 ) than between hBest1-hBest1 (26.2 + 1.7%) (Fig. 2B) . Overall, this indicates that bestrophins have a marked preference for homomerization and seldom form heteromers.
To investigate further the preference of hBest1 for self-assembly, we counted bleaching steps of mEGFP-hBest1 coexpressed with an untagged version of either hBest1, 2, 3, or 4, or with untagged mTMEM16A. The rationale was that successful coassembly of untagged subunits with tagged ones would shift the observed distribution of spots with multiple fluorescent tags to lower values. As predicted, for mEGFP-hBest1 coexpressed with an untagged version of hBest1, we observed a substantial leftward shift in the frequency distribution (increased frequency of observation of 1 and 2 tags at the expense of 3 and 4 tags) compared to the binomial distribution for a tetramer with P = 80% (Figs. 1 and  3A) . In contrast, little or no shift was seen for mEGFP-hBest1 coexpressed with an untagged version of either hBest2, 3, 4, or mTMEM16A ( Fig. 3 B-E) . Comparing the frequency of observation of spots with four mEGFP-hBest1-bleaching steps, we found that untagged hBest1 drastically decreased the frequency of observation of four mEGFP-hBest1-bleaching steps (Student t test, P < 0.01), and untagged hBest2 modestly but significantly decreased this value (Student t test, P < 0.05); however, there was no effect of untagged hBest3, hBest4, or mTMEM16A (Fig. 3F) . Together, the subunit counting and colocalization results suggest that hBest1 does not coassemble with the hBest3, hBest4, or mTMEM16A and coassemble only weakly with hBest2. Having seen that hBest channels preferentially assemble as homotetramers led us to wonder how this subunit-selective assembly is determined. To address this, we exploited the lack of interaction between hBest1 and hBest3 to ask if we could identify a domain whose transplantation from one to the other would transfer the ability to interact. We reasoned that the extensive similarity among hBests would allow domain swaps to be tolerated. We made chimeras between hBest1 and 3 and first confirmed that the swaps were tolerated by determining the stoichiometry of complexes formed by each chimera on its own. Each of the chimeras that we used formed homotetramers (Fig. S5) , permitting us to proceed to determine the interaction between these chimeras and hBest1 or hBest3 using single-molecule colocalization.
We (Fig. S5) . Therefore, we focused our chimeras on a region from the N terminus up until amino acid 350 in the membrane-proximal C terminal. We began by transplanting from hBest1 the short-N-terminus cytoplasmic domain together with transmembrane domain S1 into hBest3 and termed this chimera "hBest3 (B1:S 1 )." We observed only 5.9 ± 2.3% colocalization between hBest3 (B1:S 1 ) -mEGFP and hBest1-mCherry (Fig. 4A) , significantly lower (Student t test, P < 0.01) than the colocalization rate observed for hBest1-hBest1 (26.2%, Fig. 2B ) and closer to [not significantly different (Student t test, P = 0.08) from] the colocalization rate observed for hBest1-hBest3 (0.8 ± 1.2%, Fig.  2D ). Next, we swapped either
hBest3 with the ones from hBest1 (S = Transmembrane domain, L = Loop). We observed a similar low rate of colocalization between hBest3 (B1:S 1 L 1 ) and hBest1 (3.1 ± 1.0%, Fig. 4B ). We could not calculate the colocalization rate between hBest3 (B1: S 1 L 1 S 2 ) and hBest1 ( Fig. 4C and Movie S1) due to the high mobility of the chimeric complexes, but their mobility in itself reflected a lack of interaction with hBest1-mCherry, which was immobile and whose immobile red spots were rarely associated with a green spot.
In contrast to the above results, when we examined the interaction between the chimera hBest3 (B1:S 1 L 1 S 2 L 2 ) and hBest1 we found a high rate of colocalization (24.6 ± 4.7%, Fig. 4D ), similar to the rate of hBest1-hBest1 colocalization (26.2%, Fig.  2B ), suggesting that L 2 is involved in preferential self-assembly. We tested this by swapping only L 2 from hBest1 into hBest3 and observed a similar high rate of colocalization between hBest3 (B1:L 2 ) and hBest1 (32.4 ± 1.6%, Fig. 4E ) as with hBest1-hBest1 (26.2%, Fig. 2B ), confirming that the L 2 of hBest1 is sufficient for preferential self-assembly of hBest1 homotetramers. We obtained similar results for the reciprocal swap, with hBest1 (B3:L 2 ) having a high degree of colocalization with hBest3 (33.0 ± 3.1%, Fig. 4G ), indicating that the sufficiency of L 2 for preferential self-assembly applies also to hBest3 homotetramers.
In complimentary experiments, we again asked whether L 2 is necessary for preferential self-assembly. A swap of the L 2 of hBest3 into hBest1, the chimera hBest1 (B3:L 2 ), had low colocalization with hBest1 (3.6 ± 1.4%, Fig. 4F ). Similarly, hBest2 (B1:L 2 ) had a little colocalization with hBest2 (3.1 ± 1.3%, Fig. 4H ). In summary, these results demonstrate that L 2 is both necessary and sufficient to confer specific homomeric assembly in hBest channels.
Coiled-Coil Domain in L 2 Is the Assembly Determinant. Having found that L 2 confers assembly specificity, we subdivided the domain to identify the minimal region required. Alignment of the L 2 domains of hBest1 and hBest3 revealed a 16-amino-acid-long segment, from 165 to 180, that is particularly divergent [Fig. 5A , variable region (Var)]. We also searched for possible protein association domains and found a predicted coiled-coil domain, using the Coils prediction software (41) , at the C terminus end of L 2 in both hBest1 and hBest3 [ Fig. 5A , coiled-coil domain (CC)]. Although these coiled-coil domains are similar in hBest1 and hBest3, they differ in the predicted number of heptads (three heptads predicted with a probability of ∼0.7 in hBest1, but only with a probability of <0.1 in hBest3) (Fig. S6) . We tested the ability of the variable and predicted coiled-coil regions to drive colocalization.
We observed a low rate of colocalization between hBest1 and hBest3 (B1:Var) (2.8 ± 1.1%, Fig. 5B ). In contrast, we observed a high rate of colocalization between hBest1 and hBest3 (B1:CC) (33.4 ± 1.3%, Fig. 5C ), comparable to the colocalization rate of hBest1-hBest1 (26.2%, Fig. 2B ). This suggests that it is the coiledcoil domain of L 2 that allows the assembly between like subunits and prevents it between different members of the family.
Dual Role of Coiled-Coil Domain in Bestrophins. Several BMD-causing mutations have been mapped to the coiled-coil segment of hBest1, which has been called a mutational hot-spot (42) . In light of the above results, this suggests that aberrant assembly can be a cause of pathology. To further examine the role of the coiled coil in channel function, we assessed the effects of protein swaps on ion conduction through the channel using the iodide-quenching assay as a measure of anion influx in HEK293T cells (43) . hBest1 or hBest3 or one of the chimeras was coexpressed with P2Y receptors (whose activation by ATP liberates calcium from internal stores to activate hBest channels and allow iodide influx) along with an iodide-quenchable YFP sensor (YFP H148Q, I152L) (43) . YFP fluorescence was measured during a 60-s baseline period in Ringer's solution (141 mM NaCl) and then for 120 s following a switch to 300 μM ATP in modified Ringer's solution (141 mM NaI). Consistent with previous studies, a ∼30-50% decrease in fluorescence was observed in hBest1-expressing cells, whereas almost no quenching was observed in hBest3-expressing cells (Fig. 6A) (18, 26) , because of the much smaller currents of hBest3 (1, 15) . To confirm that the quenching was due to iodide conduction through hBest, we either introduced BMD-causing mutations (W93C or R218C) that are known to block ion conduction through hBest1 (7, 11) or deleted the Ca
2+
-binding domain at the C terminus (Δ299-304) that is needed for the activation of hBest1 (24) . As expected, we observed no ATP-triggered quenching in either of the mutants (Fig. 6A) . To check that this absence of activity is actually due to the mutations and not due to their lack of expression, we expressed the mutants in oocytes and checked both their expression and stoichiometry. Both the mutants were found to have similar expression and stoichiometry compared with the wild-type hBest1 (Fig. S7) . In addition, the robust expression of hBest3 in oocytes supported the interpretation that lack of quenching activity in hBest3 is due to smaller currents compared with hBest1, rather than to a lack of expression ( Figs. 1 and 2 ). This was further supported by our finding that, as shown before (16), deletion of the C terminus, containing autoinhibitory domain, of hBest3 (hBest3 Δ353-669) resulted in large ATP-triggered quenching (Fig. 6A) .
We used the lack of activity in full-length hBest3 to ask whether L 2 would confer the channel activity of hBest1 into hBest3. We also examined the CT, which is poorly conserved (∼14% identity between hBest1 and hBest3) and contains an autoinhibitory domain that blocks the current in hBest3 (16, 18) . We observed no activity when only L 2 was transplanted from hBest1 into hBest3 [B3 (B1:L 2 )], nor when only the CT was transplanted [B3 (B1:CT)] (Fig. 6B) . However, when L 2 and the CT were transplanted together [B3 (B1:L 2 + CT)], quenching was comparable to that seen in hBest1 (Fig. 6B) , suggesting a concerted function of these segments. To confirm that both L 2 and CT of hBest1 conferred hBest1-level activity onto hBest3, we again introduced either the BMD-causing mutations (W93C or R218C) into the hBest1 L 2 or deleted the Ca 2+ -binding domain at the C terminus (Δ299-304) and transplanted each of these mutated versions of L 2 or CT into hBest3. Similar to the lack of activity of hBest1-W93C, R218C, and Δ299-304, we did not observe any significant activity in either of these L 2 or CT mutant chimeras (Fig. 6B) , further supporting the interpretation that the activity level introduced into hBest3 is due to a transplantable function of the L 2 and CT of hBest1.
To more precisely map the portion of L 2 involved in conductance, we divided L 2 into two parts: the CC and the remainder of L 2 (L 2 a) (Fig. 6, cartoon) . Transplantation of L 2 a in combination with the CT from hBest1 to hBest3 [B3 (B1:L 2 a + CT)] did not confer hBest1-like activity, but such activity was observed upon transplantation of the CC in combination with the CT [B3 (B1:CC + CT)] (Fig. 6C) , indicating that it is the coiledcoil region of L 2 that is crucial for its role in channel function.
Maintaining the coiled coil of hBest1 intact, we then determined the minimal region of the CT of hBest1 that is critical for function. We made two deletion mutants that truncated the protein at either amino acid 350 or 400, B3 (B1:CC + CTΔ350x) and B3 (B1:CC + CTΔ400x). Both swaps were found to be functional, but activity in Δ350x was significantly higher than Δ400x (Fig. 6D) , perhaps due to the absence of the autoinhibitory domain that lies between amino acids 350 and 400 (16, 18) . These results suggest that the Ca 2+ -binding domain (amino acids 290-350) of hBest1 is sufficient to confer its gating properties, but only in conjunction with hBest1's own coiled-coil domain.
Patch clamp analysis yielded similar results from the chimeras (Fig. S8) , confirming that both the coiled coil and C-terminal domains are required for activity in hBest1.
Discussion
Using single-molecule methods of subunit counting and colocalization exclusively on functional complexes at the plasma membrane of live cells, we find that, on its own, each hBest forms a homotetrameric channel. We found that hBest1 does not coassemble with the completely different CACC mTMEM16A. Strikingly, we find that, despite a high degree of conservation among hBests, hBest1 does not coassemble with hBest3 or hBest4. The only heteromeric assembly that we detected was with hBest2. This is consistent with earlier biochemical evidence (30) , but the interaction seems to be too weak to produce a disease-inducing dominant negative effect in hBest1 point mutants. Also, the possibility of bestrophins forming heteromeric complexes in native tissues is limited due to their restricted distribution. The hBest1 mainly expresses in retina and RPE cells (1, 11, 44) , whereas hBest2 and hBest4 express mostly in different cell types in colon (goblet cells and small intestine, respectively) (45, 46) .
The absence of interaction between hBest1 and other members of the bestrophin family is striking given their high degree of identity. We found that the L 2 domain is both necessary and sufficient to determine specific self-assembly, and that it is the coiled-coil domain located at the C terminus of L 2 which is responsible. This coiled-coil domain has been identified as one of the four regions where mutations are associated with disease (42) . Some of the mutations in the coiled-coil affect the surface expression of hBest1 in MDCKII cells (47) , an expected outcome of disrupted assembly and a clear cause of pathology. However, at least one disease-causing mutation in the coiled coil (R218C) has no effect on the surface expression (47) , suggesting that coiled-coil domain has other additional functions in the channel. We find that transplantation of the coiled-coil domain confers the large current of hBest1 on to hBest3 but only when the coiled coil is accompanied by cotransplantation of Ca 2+ -binding domain of hBest1. This suggests that the coiled-coil domain also has a role in gating, perhaps coupling the Ca 2+ binding at C-terminal domain of hBest1 with a rearrangement of S2, which earlier work identified as forming the pore (17, 19, 21) .
According to the Milenkovic model (23), the coiled-coil domain resides inside the cell between S2 and S3, whereas according to the Tsunenari model (15) , it lies outside the cell right before the reentrant loop. In either case, our findings suggest that a symmetric coiled-coil assembly made up of identical regions from each subunit is arrayed around the central axis of the pore and that conformational changes at the C terminus that are induced by calcium binding open the channel. In summary, we find that hBest channels are tetramers with a strong preference for homomeric assembly, and we identify the domain that regulates this assembly and discover that this domain also plays a role in controlling the current.
Materials and Methods
Tagged human bestrophin1-4 and the chimeras were cloned in the pGEMHE vector and transcribed in vitro and injected into Xenopus oocytes. After 1-2 d of expression, oocytes were devitillinized and imaged using TIRFM as described in detail in SI Materials and Methods. Iodide imaging (43, 47) is described in SI Materials and Methods.
